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Curcumin, a naturally-occurring compound found in the rhizome of Curcuma longa plant, is known for its antitumor
activities. However, its clinical efficacy is limited due to poor bioabsorption. A new class of synthetic analogs of curcumin,
namely diarylidenylpiperidone (DAP), has been developed with substantially higher anticancer activity than curcumin.
However, its cellular uptake and bioabsorption have not been evaluated. In this study we have determined the absorption
of a representative DAP compound, HO-3867, using optical and electron paramagnetic resonance spectrometry. The
cellular uptake of HO-3867 was measured in a variety of cancer cell lines. HO-3867 was taken in cells within 15 minutes
of exposure and its uptake was more than 100-fold higher than curcumin. HO-3867 was also retained in cells in an active
form for 72 hours and possibly longer. HO-3867 was substantially cytotoxic to all the cancer cells tested. However, there
was no direct correlation between cellular uptake and cytotoxicity suggesting that the cytotoxic mechanisms could be
cell-type specific. When administered to rats by intraperitoneal injection, significantly high levels of HO-3867 were found
in the liver, kidney, stomach and blood after 3 hours. Also, significant accumulation of HO-3867 was found in murine
tumor xenografts with a dose-dependent inhibition of tumor growth. The results suggest that the curcumin analog has

substantially higher bioabsorption when compared to curcumin.

Introduction

Curcumin (diferuloylmethane) is a naturally-occurring com-
pound found in the rhizome of the Curcuma longa plant in
south and southeast tropical Asia. Curcumin is known to pro-
tect against carcinogenesis and prevent tumor development in

several types of cancer."

However, its poor bioavailability and
potency prevent it from being effective in chemotherapeutic
applications in the clinic.”” One potential means of circum-
venting these limitations is the development of synthetic ana-
logs with enhanced bioabsorption and potency.”'? Recently,
a novel class of curcumin analogs, namely diarylidenylpiperi-
done (DAP), has been synthesized by incorporating a piperi-
done ring in the beta-diketone backbone structure, as well as
fluorinating the phenyl groups.'* In a previous study, we com-
pared the anticancer efficacy of four DAPs, named as H-4073,
HO-3867, HO-4318 and HO-4200 with curcumin in a num-
ber of cancer as well non-cancerous (healthy) cell lines.”'® All
four compounds showed substantially higher antiproliferative
activity and induction of apoptosis than curcumin in the cell

lines tested.
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Interestingly, we observed that HO-3867 was significantly
less toxic to non-cancerous cells when compared to cancer cells.”
Many anticancer drugs have undesirable side effects caused by
the production of free radicals, which may increase the oxidative
stress levels and cause damage to normal cells and tissues.'”? It
has been shown that nitroxides, a class of small-molecular-weight
heterocyclic molecules containing “NO” and hydroxylamines,
the one-electron-reduced form of nitroxides characterized by
“NOH?”, preferentially scavenge oxygen radicals in cells that have
normal oxygenation or redox status.?»* HO-3867 incorporates a
nitroxide-promoting moiety in its chemical structure (Fig. 1A).

The goal of the present study was to determine the cellular
absorption of both HO-3867 and curcumin in a variety of can-
cerous and noncancerous cell lines, as well as to demonstrate the
bioavailability of HO-3867 in vivo using a non-cancer-bearing rat
model and a murine xenograft ovarian tumor model. HO-3867
was chosen for this study due to the apparent selectivity or tar-
geted effect towards cancerous versus noncancerous cells. While
HO-3867 has been shown to have a greater inhibitory effect
than curcumin on the proliferation of many cancer cell lines,”
as yet there has been no study demonstrating that HO-3867 or
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described in methods. (A) The structures of curcumin and HO-3867. (B) The effect of incuba- on an equal-concentration basis) in A2780 cells
tion time on the cellular absorption of curcumin and HO-3867. (C) The effect of curcumin and that HO-3867 was taken up as early as 15
and HO-3867 concentration on cellular uptake determined after 1 hour of incubation. (D) minutes following exposure.
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any other DAP compound, is more readily absorbed by cells in
any greater capacity than curcumin. As the low bioabsorption of
curcumin is one of its greatest drawbacks towards use in clinical
practice, the quantification of cellular uptake of curcumin ana-
logs is a necessary step in evaluating usefulness of these drugs.
We used optical and electron paramagnetic resonance (EPR)
spectrometry to quantify the intracellular and tissue content of
HO-3867. The results showed a substantial uptake of HO-3867,

both in vitro and in vivo.
Results

Cellular absorption of curcumin and HO-3867 in A2780 ovar-
ian cancer cells. We examined the time-course of cellular uptake
of curcumin and HO-3867 over a period of 3 hours. Cellular
uptake of curcumin remained low and constant over the time
period examined, whereas cellular uptake of HO-3867 increased
up to 60 minutes (Fig. 1B). The cellular uptake of HO-3867 was
10-fold greater than curcumin at 60 min of incubation, at the
respective concentrations (10-100 wM) tested. We investigated
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confirmed the uptake of the compound using
two additional ovarian cancer cell lines: OV-4,
SKOV3 and A2780R, a cisplatin-resistant variant of A2780 cell
line. Uptake was also tested in non-ovarian human cancer cell
lines, including: A549 (lung), HCT-116 (colon), HepG2 (liver)
and MCF-7 (breast). The cells were exposed to 10-uM HO-3867
for 1 hour, after which the cellular uptake was determined. The
absorption of HO-3867 was measurable in all cell lines examined
(Fig. 2). The results showed variable levels of cellular uptake.
We also examined the cytotoxicity of HO-3867 in the same cell
lines (Fig. 2). A quick comparison of the cellular uptake with
cytotoxicity indicated no significant correlation suggesting that
the underlying mechanism(s) of cytotoxicity could be different
in the cell lines tested.

In vivo distribution of HO-3867 in rat. In order to examine
the distribution of HO-3867 in vivo after dosage, we adminis-
tered HO-3867 by IP injection to Wistar rats in doses of either
10 or 25 mg/kg body-weight. After three hours, the rats were
euthanized and the liver, kidneys and stomach were collected.
Blood samples were also collected and added to vacutainer tubes
containing heparin. The samples were analyzed using EPR
spectroscopy. There were EPR-detectable levels of HO-3867
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in all samples collected (Fig. 3). Untreated

control samples produced no detectable EPR 4
signal, indicating that the spectrum obtained -
is due to the presence of HO-3867, in nitrox- 3 300
ide form, in the sample. The signal intensity w:
from the liver samples was almost twice the = I
signal intensity from serum and the other tis- g ool
sues collected. 2
HO-3867 detected in ovarian tumor xeno- ] L
graft tissues after oral intake. We also deter- "g
mined the amount of HO-3867 in samples of | 2 1001
ovarian tumor tissue using a murine xenograft ‘—; i
model treated orally by mixing the compound | T
with chow. Based on our in vitro results, O H

which showed significant uptake-induced
cytotoxicity of HO-3867 to human ovarian 0
cancer cell lines, we next evaluated the effi-
cacy of HO-3867 in a human ovarian tumor
xenograft grown in the back of mice. The
mice were treated with HO-3867, the tumor
mice were given feed containing 25, 50, 100
or 200 parts-per-million (ppm) HO-3867 for
a treatment period of four weeks, after which
they were euthanized and the tumor tissues
were collected and prepared for analysis as
described in Methods. A substantial amount
of HO-3867 was detected in the tumor tis-
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sues (Fig. 4A). We also observed a significant

reduction in the tumor volume in a dose-
dependent manner with no apparent effect on

body weight.

Discussion

Figure 2. Cellular absorption and cytotoxicity of HO-3867 in several cancer cell lines. Cel-
lular absorption of HO-3867 was measured as in Figure 1. Cytotoxicity was measured by
MTT assay. Cancer cell lines include: A2780 (cisplatin-sensitive), A2780R (cisplatin-resistant),
OV-4 and SKOV3 (ovarian); A549 (lung); HCT-116 (colon); HepG2 (liver); MCF-7 (breast). Values
are mean = SE (N = 6). The results indicate a variable, but substantial uptake of HO-3867 in
cancer cells. There was no correlation between the cellular uptake and cytotoxicity.

The comparatively low bioabsorption and bio-

availability of curcumin in vivo are important

factors that must be considered when evaluating its potential
use as an anticancer agent. HO-3867, examined in this study,
is related to curcumin in structure and function. It is reasonable
to examine the cellular absorption of the compounds, to ensure
that they do not share the same, low levels of uptake. The pres-
ent study demonstrated that HO-3867 exhibits a much greater
absorption than curcumin, supporting the contention that this
synthetic analog does not face the same limitations.

The results of the present study clearly showed that HO-3867
has a much greater cellular absorption than curcumin under
all conditions examined. Indeed, the cellular uptake of 10 pM
HO-3867 was over 10-fold greater than 100 wM curcumin in
A2780 cells. Thus, it can be assumed that even a much lower
dose of HO-3867 can result in the accumulation of a higher con-
centration in target cells than a given dose of curcumin. Further,
it can be seen that HO-3867 enters into cells quickly, as indicated
by detectable levels of HO-3867 in cells after only 15 minutes
of exposure. Moreover, once the HO-3867 has entered the cells
it remains, in nitroxide form, for long periods of time, whether
the cells are subsequently incubated in medium with HO-3867
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or without. This suggests that HO-3867 may be effective even if
administered intermittently.

In addition, the cellular absorption of HO-3867 remains
substantial in cisplatin-resistant cells (A2780R), an important
factor given the frequent development of drug-resistant tumors
in clinical practice.?*** While the presence of HO-3867 in drug
resistant cells does not indicate that the drug will be equally
effective under these conditions, it does indicate that the poten-
tial for effectiveness is not necessarily lost. The absorption of
HO-3867 in a wide variety of cancer cell lines suggests a wide
range of efficacy for the drug. The HO-3867 detected in several
rat organs and in blood further supports its use as an anticancer
drug, as it demonstrates that HO-3867 is effectively distrib-
uted after IP injection. The presence of HO-3867 in the mouse
tumor samples further indicates the ability of HO-3867 to be
delivered in the body to its target. Further studies using HPLC
or other methods may be needed in the future to measure the
quantity of HO-3867 in the tissues more precisely, but we con-
sider the indication of HO-3867’s presence to be sufficient at
this time.
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maintained in 75-cm? flasks at 37°C in an atmosphere of
room air diluted with 5% CO,. Cells were routinely tryp-
sinized (0.05% trypsin/EDTA) and counted using an auto-
mated counter (NucleoCounter, New Brunswick Scientific,
Edison, NJ).

Measurement of curcumin and HO-3867 in vitro.
HO-3867 was administered to cells grown in 10 cm-
diameter dishes until 85-90% confluency. HO-3867
was administered in one of several methods: (i) 85-90%
confluent cells were incubated in medium containing
either HO-3867 (1, 5 or 10 wM) or curcumin (25, 50 and
100 wM) for up to three hours; (ii) 85-90% confluent
cells were treated for 72 hours at 1 WM concentration of
HO-3867; (iii) 85-90% confluent cells were exposed to

1 M of HO-3867 for 1 hour, followed by the removal of

Figure 3. Absorption of HO-3867 into rat tissues. Rats were dosed with

determined using EPR spectrometry as described in the Methods section.

the tissues, with a maximum accumulation in the liver.

HO-3867 by IP injection. After 3 hours, the rats were euthanized and blood
and tissues collected. HO-3867 levels in the tissue and blood samples were

Values are mean + SE (N = 3). The results show variable levels of absorption in

the drug-containing medium and the replacement of fresh
medium, to which the cells were exposed for 72 hours. In
all cases, after their respective treatments, the cells were
washed and then recovered using 0.05% trypsin/EDTA.
The cells were then centrifuged for 5 minutes at 1,500 rpm

The cytotoxicity data of HO-3867 presented in this study are
in agreement with those of other structurally related DAPs mea-
sured after 24 hours of treatment with a number of cancer, as
well as non-cancerous cells.” HO-3867 induced G,/M cell cycle
arrest in A2780 cells by modulating cell cycle regulatory mol-
ecules p53, p21, p27, cdk2 and cyclin and promoted apoptosis
by caspase-8 and caspase-3 activation.'® HO-3867 also decreased
STAT?3 (Tyr705) and JAK1 phosphorylation and increased apop-
tosis markers cleaved caspase-3 and PARP in ovarian xenograft
tumors treated with HO-3867."%

The results of the study clearly indicate that the cellular
absorption of HO-3867 is substantially greater than that of
curcumin. Further, the distribution throughout the body of
HO-3867 after IP injection has been demonstrated. As the low
bioabsorption of curcumin is one of the barriers against its clini-
cal use, the demonstration that HO-3867 does not share this
weakness is an important factor supporting the effectiveness of
this drug in cancer treatment.

Materials and Methods

Chemicals. HO-3867 was synthesized in the laboratory accord-
ing to previously-published methods.’®?? Curcumin was obtained
from Sigma. Stock solutions of the compounds were freshly
prepared in dimethylsulfoxide (DMSO). All other reagents, of
analytical grade or higher, were purchased from Sigma-Aldrich,
unless otherwise noted.

Cell lines. The ovarian cancer cell line A2780 was primar-
ily used. Additional ovarian cancer cell lines include: A2780R
(cisplatin-resistant strain of A2780), OV-4 and SKOV3. Other
cancer cell lines tested include: A549 (lung), HCT-116 (colon),
HepG2 (liver) and MCEF-7 (breast). Cells were grown in RPMI
or DMEM, as appropriate, supplemented with 10% FBS, 2%
sodium pyruvate, 1% penicillin and 1% streptomycin. Cells were
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and 4°C. The supernatant was removed and then the pel-
let was suspended in 5 ml cold PBS. A 20 pl aliquot was
taken at this time for cell counting. The cells were again cen-
trifuged for 5 minutes at 1,500 rpm and 4°C, after which the
supernatant was removed and the pellet was allowed to dry at
room temperature. After the pellet had completely dried, it was
resuspended in methanol (1 ml) and sonicated for 10 minutes
using a Fisher Scientific Sonic Dismembrator (Model 100 set to
7 W), to extract the drug from the cells. While being sonicated,
the samples were kept in ice, to avoid excessive heating of the
samples. After sonication, the suspension was centrifuged for
5 minutes at 10,000 rpm and 4°C and the supernatant was then
collected. For UV/Vis spectrometry, the sample was diluted in
methanol (1:1) and scanned using a UV/Visible spectrophotom-
eter (Varian Cary 50). The concentrations of the compounds
in the methanol solution were determined by: (i) for curcumin,
absorbance at 428 nm, with a molar absorption coefficient of
48,000 M'cm; and (ii) for HO-3867, absorbance at 328 nm,
with a molar absorption coefficient of 25,200 M'em™. For EPR
spectroscopy, the samples were incubated for 10 minutes with
PbO, (10 mg) to convert the hydroxylamine to nitroxide and
measured using an X-band (9.8 GHz) EPR spectrometer (Bruker
BioSpin EMX; Billerica, MA). Quantitation of the EPR signal
was performed by comparing the double integral of the signal
with that of a nitroxide standard.

Cell viability by MTT assay. Cell viability was determined
by a colorimetric assay using MTT. In the mitochondria of living
cells, yellow MTT undergoes a reductive conversion to formazan,
giving a purple color. Cells, grown to 80% confluence in 75 mm
flasks, were trypsinized, counted, seeded in 96-well plates with an
average population of 7,000 cells/well, incubated overnight and
then treated with the HO-3867 (10 M) for 48 hours. The dose
and time of incubation were determined from a set of prelimi-
nary experiments. All experiments were done using six replicates
and repeated at least three times. Cell viability was expressed as a
percentage of MTT viability of untreated cells.
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Animals. Male Wistar rats (-300 g body-weight) | A
were used for the first in vivo organ distribution study.
In a subsequent series of experiments, we measured the
signal of HO-3867 in ovarian tumor tissue xenografts
using male 6-week-old BALB/c nude mice (-25 g
body-weight) from the National Cancer Institute.

Measurement of HO-3867 in vivo. Rats were
given intraperitoneal (IP) injections of either 10 or
25 mg/kg HO-3867. The rats were then left undis-

turbed, under observation for 3 hours, after which
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they were euthanized using isoflurane. The kidneys,
liver and stomach tissues were recovered for analysis.
In addition, blood was taken and added to vacutainer
tubes containing heparin. The tissues were homog-
enized as individual samples in PBS, after which they

99)

were diluted 1:10 in methanol. The samples were
then sonicated for 15 minutes using a Fisher Scientific
Sonic Dismembrator, Model 100 set to 7 W. As with
the in vitro samples, the samples were kept in ice
during sonication. The samples were centrifuged for
5 minutes at 10,000 rpm and 4°C. The supernatant
was collected and analyzed in an X-band (9.8 GHz) 0
EPR spectrometer using the same settings that were
used for the in vitro samples. For blood, the samples
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were centrifuged and the upper layer, consisting

of the blood plasma, was taken and measured by

X-band EPR spectroscopy, as with the tissue samples.
The absorbance of the samples was also measured at
328 nm using a UV/Vis spectrophotometer as for
cells, but the abundance of light-absorbing molecules
in the tissues precluded accurate quantification of
drug uptake.

Tumor xenografts in mice. Cultured A2780 can-
cer cells (2 x 10° cells in 60 wl PBS) were subcuta-

Figure 4. Absorption of HO-3867 into tumor tissue. Mice with human ovarian cancer
xenograft tumors were administered with varying doses (0-200 PPM) of HO-3867

in the feed four weeks, after which the mice were euthanized and the tumor tissues
harvested for analysis of tissue content. (A) A representative EPR spectrum obtained
from a tumor tissue biopsy showing the presence on HO-3867 in the oxidized
(nitroxide) form. (B) Body weight (left axis) and tumor size (right axis) measured after
four weeks as a function of dose of HO-3867 in the feed. Data represent mean +

SD (N = 3). *p < 0.05 versus untreated (0 PPM) group. The results show a significant
reduction of tumor volume in a dose-dependent manner with no apparent effect on
body weight.

neously injected into the back of 6-week-old BALB/c

nude mice from the National Cancer Institute. Five

to 7 days later, when the tumors reached 3—5 mm in diameter,
the mice were divided into groups in a manner to equalize the
mean tumor diameter among the groups. The control group was
given a normal diet (no treatment), whereas the experimental
groups were treated using the HO-3867 compounds mixed with
the animal feed (Harlan Teklad) at four different levels (25, 50,
100 or 200 ppm). The doses were chosen based on our previous
dose-response study optimized to produce an observable effect
on tumor growth.!® The size of the tumor was measured twice
per week using a digital Vernier caliper. The tumor volume was
determined from the orthogonal dimensions (d1, d2, d3) using
the formula (d1 x d2 x d3) x /6. Body weights were measured
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weekly once. Twenty-eight days after the beginning of HO-3867
treatment, the mice were sacrificed and the tumors were resected.
The tumor tissues were then subjected to EPR analysis for deter-
mination of HO-3867.

Data analysis. Comparisons between sets were made by
ANOVA or Student’s t-test, as appropriate. A p value of less than
0.05 was considered significant.
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